The application of phase change materials (PCMs) in mortars have been extensively researched, however, most studies are focused in one single binder. Conducting comparative assessments using different binders can facilitate the development of compositions with adequate heat storage and suitable mechanical properties. In this work, several PCM-mortars using cement, lime and gypsum as binders, have been studied using a laboratory simulation that mimicked the day/night temperature changes that the material will be subject during service applications. It has been demonstrated that the addition of PCMs in mortars allows the material to retain heat, indicating that these mortars can have a positive impact on the overall energy demand of buildings. There is a combined effect of delay and lowering of temperature peaks, triggered by the heat released from the capsules. The cells with PCMs showed not only a smaller temperature gradient between night and day, but it also exhibited lower peaks. The tests conducted with this laboratory setup prove that PCMs can be successfully mixed into mortars without compromising its durability, hence their applicability as wall renderings.
Introduction
Increasing the cost of energy and raising concerns with the environmental impact of construction has put pressure on industry to seek solutions that can reduce the life cycle impact of buildings. The application of phase change materials (PCMs) in building's structures and products had been subject to extensive research, due to its potential for reducing heating and cooling needs within buildings [1] [2] [3] .
PCMs can store a high amount of energy per mass of material and latent heat storage occurs at an almost constant temperature. They suffer low volume changes, thus making it a very interesting material for incorporation into mortar composites. Latent heat transfer that occurs at the phase change temperature is a direct result of the PCM's melting/solidifying process [4] .
Latent heat storage is then dependent on the enthalpy change and can be determined using Eq. 1, where ΔH is the enthalpy variation and m is the material mass.
ΔQ ¼ m Â ΔH ð1Þ
The main advantage of using PCMs in buildings is the possibility of using its high amount of latent heat, stored or released during the phase transition. Latent heat storage can be evaluated by the heat release or absorption occurring when the state changes from liquid to solid or vice-versa.
An ideal PCM can be characterised by its specific heat c p , the phase-change enthalpy Δh and its melting temperature T m . a real PCM, however, needs to be described by a function h(T). For materials containing PCMs, the storage capacity is then determined by
So storage capacity between temperatures T 1 and T 2 is given by the stored heat Q and depends on mass (m), specific heat, the fraction of material undergoing phase change f m and the change in enthalpy. When the PCM is at the heating stage at constant pressure, without a phase transition, the enthalpy change for a mass m and heat capacity C, will be given by
As the heating progresses, the PCM reaches its phase transition point at temperature T m and then enthalpy changes. The enthalpy change for the melting process can be determined using Eq. 4. During the cooling stage, the same amount of heat will be released into the system.
Phase change materials undergoing solid-liquid transformations -the ones used in building applications -can be divided into two main types, organic and inorganic. They can also be eutectic compositions -with a single temperature point for changing phase, or mixtures -where the temperature occurs at a very narrow interval [3] . For construction applications, both types including eutectic and mixtures have been studied. Eutectic compositions, using fatty acids still show limited success, increased costs, processing difficulties and safety issues. The loss in mechanical strength and the leakage risk are not adequately compensated by a substantial increase in performance [5] , what makes them less interesting for an industry where materials have to meet tight regulations and still have low cost. Paraffin waxes proved to be more costeffective, they are commercially available at a relatively low cost and are less detrimental for hardened state properties, allowing higher percentages of PCMs to be added [6] .
One of the important aspect to address when considering the incorporation of PCM in mortars is leakage, often associated with safety concerns and loss of performance [7] . The problem has been overcome by encapsulation methods that keep the PCM contained in polymer capsules. The capsules' size is small enough to be accommodated by the mortar's internal porosity [8] , the shell is also capable of resisting the mixing and application processes without breaking. The use of polymethyl methacrylate (PMMA) capsules has been proven quite successful with cement, lime and gypsum matrices [9] .
This combination of microencapsulated PCM with mortars does not come without challenges, though. The introduction of these capsules into a cement matrix increases its internal porosity, having a negative impact on the final mechanical strength [10] . The phenomenon is not exclusive of cement, it is also seen with other hydraulic binders [11] . Some authors concluded that the presence of the paraffin waxes reduces the heat of hydration, aggravated when the capsules break during mortars' processing. Adding silica fume or fly ash -to improve the hydration process at an early stage or long-term -can help to overcome this problem [12] . It is also important to note that, despite sometimes a significant reduction in mechanical strength, the overall numbers are high enough to allow its use in many structural and non-structural applications [13] .
Although research with cement and concrete is the one that has produced more outputs so far, there is also a growing interest in exploring the mixing of PCMs with alternative binders. What is remarkable here is that, for example, hydrated lime mortars -when mixed with PCM capsules -can retrieve very different results, compared with cement [11] . This is clearly connected with the internal porosity of the lime mortars, how the capsules of PCM can fill and fit into the microstructure. It seems that PCMs can partially fill the pores of lime mortars much better than in cement compositions, mitigating the loss of mechanical strength, in some cases even improving it. The effect extends even to lime mortars that combine PCMs and other additives. This is the case with a recent work where paraffin microcapsules and titanium dioxide nanoparticles have been added to a lime mortar. The presence of the PCM improved the mechanical strength of the mortars containing nanoparticles [14] .
Unquestionably, lime mortars have lower mechanical strengths relative to cement, yet, for application in buildings' renovation, the possibility of adding heat storage can be important for reducing the overall energy demand. If it is possible to do it while having an improvement on mortar's durability, then PCM-lime composites are, no doubt, very attractive for applications in cultural heritage preservation.
Materials
The compositions were prepared using three commercial binders: hydrated lime, Portland cement CEM II 32.5 N and gypsum. A siliceous sand, with an average particle size of 0.4 mm, was used as fine aggregate. To reduce the water intake while maintaining workability, 1 wt.% of superplasticizer was added to all mixes.
The phase change material is a mixture of paraffin waxes encapsulated in a polymethylmethacrylate (PMMA) shell, with an average (agglomerated) particle size of 6 μm, a transition temperature of 23°C and enthalpy of 135 kJ/kg. The PCM content ranges from 0 to 30% in weight of total solids. In this work, the PCM was always added as an additive and not as a replacement for binder or aggregates. This decision was made based on evidence that the PCM cannot be considered either a binder or an aggregate. Other studies have been conducted using one of these strategies, however since is a material that provides a new functionality, the authors decided to include the PCM as an additive, not a replacement.
Adding more than 30 wt.% proved to be challenging though, causing a considerable reduction in workability due to the high surface area, therefore, for the purpose of this work, a maximum limit of 30% in weight was established. This is in line with other researchers work where additions of 40 and 60 wt.% proved to cause a decrease in strength and no substantial improvement in latent heat storage to justify the added cost [3] .
Experimental

Hardened state properties
For the compression and flexural strength tests, the samples were prepared and tested according to the European Standard EN 1015-11:1999 [15] . The open porosity and water absorption were done following the European Standard EN 1015-10:1999 [16] .
Laboratory tests -heat storage
While conceiving the laboratory tests for assessing the heat storage performance, the authors' main objective was to mimic as reliably as possible the temperature fluctuations in real outdoor conditions. The tests cells, with a size of 200 × 200 × 200 mm, were coated in 4 inner faces with a mortar layer with 3 mm thickness, spread through a layer of 100 × 100 mm. Each box was equipped with a thermocouple placed at the centre of the cell, to measure the environmental temperature -thermocouples were also placed at the mortar's surface to determine if there were differences relative to the environmental measurement.
The schematic experimental setup can be seen in Fig. 1 . The cells were placed inside a climatic chamber under controlled humidity levels. It was established a cycle with a minimum temperature of 10°C and a maximum of 40°C, with a Figure 2 presents the results of the tests performed using the climatic chamber. However, efficacy differs for different binders, it is clear that all mortars with PCMs are able to delay and reduce temperature peaks. PCM-mortars appear though to be more effective during cooling cycles, where not only the peak temperature shows a higher difference to the reference cell, but also the delay is more notable. The cells are still useful for heating periods, even if the benefit is less significant, it will still be enough to reduce the energy demand for cooling. This observation, that microencapsulated PCMs are more adequate for cold climates while applications for cooling appear to be less interesting, is in line with other authors' findings.
Discussion
Climatic chamber tests
It is worth noticing that lime-based mortars are amongst the most efficient, showing lower peaks -especially during cooling. The lime-cement mortar is the only composition where the 20 wt.% PCM shows higher efficiency than the 30 wt.%. The explanation for both phenomena is detailed in a previous publication [17] . It has been proven that internal microstructure plays an important role in PCM-mortars performance, not only influences the mechanical strength but also affects the heat storage efficiency.
It is indisputable that cement-PCM composites have been, by far, the most studied with the application of PCMs targeting mainly new buildings. The results obtained in this study with hydrated lime prove, however, that PCM-mortars can also be When assessing the performance of PCM-mortars one needs to have a look at the not only the temperature peaks but also the attenuation factor, as shown in Fig. 3 . While it is clear that, the highest value during heating is only slightly below the maximum achieved for the reference cell, the time taken to reach that peak is clearly slower with the PCM-mortars.
In Fig. 3 , the values show the difference between the temperatures inside the PCM cell relative to the temperatures measured in the chamber. Heating stages correspond to the negative values and cooling stages are the positive side of the charts. The highest gradients during heating are found with the PCM-cement, exhibiting up to minus 16°C after 1 h. Interesting to point out that for the limecement composition a higher content of PCMs is, in fact, detrimental, with the temperature gradient going from 16°C with 20% to only 10°C for 30%. This has been discussed before by Lucas et al., showing how complex the addition of micro-sized additives to porous materials can be. The microstructure, the pore size and its distribution seem to be more relevant to the overall performance than the amount of PCMs in itself.
It is not possible to determine which compositions show better potential for application without discussing the mortars' durability.
Durability is highly dependent on mechanical strength and in Fig. 4 a correlation between mechanical strength and thermal performance can be found. Cement mortars even though exhibiting a loss of mechanical strength are still in a high range and it can be concluded that adding PCM microcapsules does not compromise use. Adding lime to cement helped reduce the loss in compression strength and kept the flexural strength almost constant. Considering that this is the only composition with a higher efficiency for 20% of PCM, it makes this mix interesting for real service applications -fewer PCM added means a lower final cost. The lime mortar is the only composition showing a remarkable increase in strength with the incorporation of PCMs, adding this to the energy savings that can be achieved, makes the lime-PCM-mortar especially interesting for retrofitting. The lime-gypsum composition has the highest loss of strength, to a level that can impair its application. This though can be prevented by adding fibres to the mix.
It is somehow surprising that substantial increase in open porosity and water absorption for the lime composition does not have an impact in the mechanical strength (Fig. 5) . Notably, the strength increases, which is indeed contrary to what would be expected from these results. This shows that the paraffin microcapsules, despite not being able to close the open pores are capable of reducing the internal porosity so much that mechanical properties can be improved.
Nonetheless, this is an important factor to consider when assessing durability since open pores can contribute to an increased degradation of lime mortars. Yet, it is important to note that open porosity within the range of 30-35% is not unusual for lime renders and mortars with 30% of PCMs are still eligible for application in old buildings for rehabilitation and conservation purposes -according to the European Standard EN 998-1:2010 [18, 19] .
For the cement compositions, there are no significant changes in open porosity and water absorption but the loss of mechanical strength for the cement mix is an indication that internal pores have increased. The same effect can be seen for the lime and gypsum mixture, where the loss of strength is even more pronounced.
By looking at the results, it is fair to state that the limecement composition is by far the most promising, achieving a very good performance for heat storage while maintaining a high level of mechanical strength, with stable open porosity and water absorption.
Conclusion
It has been demonstrated that mortars containing PCMs can effectively store heat and release it at a later stage, providing a suitable complement to thermal insulation that can contribute to reducing the cost of energy in buildings. The fact that different binders have been tested provides a good insight into the viability of PCM-mortars for use not only in new structures but also in old buildings rehabilitation.
During these tests, a thin layer of approximately 3 mm was used, showing that the solution can be applied in the same way as the final standard finishing layer that is currently used in buildings. According to the standard EN 998-1:2010 all compositions show adequate strengths for application as rendering mortars, with cement mortars falling into category CS III and lime and lime-gypsum compositions in category CS II [19] . Lime containing mortars exhibited no loss of strength even when up to 30% of PCM was added, what has also been confirmed by other studies where similar percentages have been tested.
It is though important to bear in mind that an increase in PCM also has an impact on the mortars' final cost so, it is the authors' understanding that 20 wt.% will be the best compromise between mechanical strength, thermal performance and potential for energy saving for these coatings.
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